rop evapotranspiration (ET c ) determination is important to guide irrigation scheduling and to manage water resources. Lysimeters are the most reliable research tool for direct measurement of ET c (Burman et al., 1983; Howell et al., 1985; Burman and Pochop, 1994) .
growing seasons for shallow-rooted crops (Martin et al., 2001) .
The design, construction, and operation of lysimeter are often complicated. The summary of lysimeter development and design by Howell et al. (1991) indicates that evapotranspiration accuracy is influenced by the measurement duration, lysimeter shape, weighing mechanisms, and construction materials as well as site maintenance. Allen and Fisher (1990) further stated that environmental considerations related to lysimeter design and data corrections could cause the evapotranspiration results to be impractical to use, or lead to inaccurate conclusions. These considerations include accurate estimation of evaporative, vegetative, and lysimeter rim areas and differences between soil moisture content inside and outside the lysimeters.
In humid environments, such as in Florida, the design and construction of lysimeters is particularly challenging due to shallow water tables, loose soil structure, and frequent precipitation events. The purpose of this article is to describe the design and construction of three relatively large weighing lysimeters in central Florida. These lysimeters were developed to measure plant water use for grass and other shallow rooted crops such as vegetables. The design and construction takes into account the standard considerations, as well as site-specific requirements. Environmental factors in lysimeter maintenance and calibration of the lysimeters are presented. Preliminary performance results are provided.
EXPERIMENTAL SITE
The experimental site is located at the University of Florida, Plant Science Research and Education Unit (PSREU), near Citra in Marion County, Florida. The PSREU C is between Gainesville and Ocala and has 445 ha of land available for research. The geographic location is at latitude 29° 24′ N and longitude 82° 10′ W with an elevation of approximately 20 m above sea level. The climate in this central region of Florida is humid subtropical, with an average annual rainfall of 1,350 mm (Purdum, 2002) . Most of the rainfall (60%) occurs in June, July, August, and September. Afternoon thunderstorms are frequent during this period, and it rains almost every day. Annual average evapotranspiration is about 945 mm, which is 70% of the total rainfall (Purdum, 2002) .
The PSREU Phase 1 field, where the lysimeters are located, is divided into six large blocks for experiments, each one with an area of 20 to 30 ha. As shown in figure 1, a FAWN (Florida Automated Weather Network) weather station is located near the entrance to the PSREU, Eddy1 is a weather station 80 m away from the lysimeters, and Ref-ET is the second weather station about 500 m away from the lysimeters. All three stations are in grass fields. The lysimeters are located in Block 6, a 23 ha grass plot. The location has at least 230 m of fetch distance in all directions. These three weather stations are used to estimate reference evapotranspiration (ET o ).
The soil type at this site is located in the ArredondoGainesville association (Thomas, et al., 1979) , which is nearly level to sloping, well drained soils, with some sand to a depth of more than 100 cm, loamy below, and others sandy throughout. Tischler (2003) stated that the soils at the field are Sparr, Millhopper, or Adamsville, where Sparr is a poorly drained loamy, siliceous, subactive, hyperthermic Aquic Arenic Paleudult; Millhopper is loamy, siliceous, semiactive, hyperthermic Grossarenic Paleudults; and Adamsville is hyperthermic, uncoated Aquic Quartzipsammernt. The water table is deeper than 2 m year round, and bedrock is greater than 1.5 m (Thomas et al., 1979) . The measured bulk density of the soil for the lysimeter site at 15, 30, 45, 60, 75, 90, and 105 cm depths are 1.36, 1.39, 1.41, 1.42, 1.43, 1.42 , and 1.43 g/cm 3 , respectively. The Sparr, Millhopper, and Adamsville fine sands are composed of 94% to 97% sand and 2% to 5% silt in the upper 100 cm (Carlisle et al., 1989) . The field capacity at this site is about 10% of soil volumetric content, and soil water holding capacity is 8%. This is a very loose sandy soil, and it presented challenges during construction due to soil instability and a perched water table.
Bahiagrass, a typical turf grass used in humid regions, was previously established as a pasture area in Block 6. This type of grass requires limited maintenance and is categorized as a warm-season grass, which has a higher degree of stomatal control with lower potential evapotranspiration rates than a cool-season grass (Jensen et al., 1990) . Linear-move sprinkler systems are used for irrigation in the research areas. Typically, the fields are irrigated twice a week (~19 mm each irrigation event) when rainfall does not occur. The grass fields are mowed as needed to ensure a 12 cm grass height, as defined in the reference evapotranspiration concept in ASCE-EWRI guidelines (ASCE-EWRI, 2005) . The field is visited at least weekly to download data and ensure that instruments are functioning properly.
LYSIMETER DESIGN AND CONSTRUCTION
The Citra, Florida, lysimeters described in this article consist of a large concrete base, three small concrete bases, one for each lysimeter, double tanks reinforced with square steel tubing, an in-situ weighing system, automatic pumping and drainage systems, a data acquisition system, a soil moisture monitoring system, water table monitoring, three nearby meteorological weather stations, and a lightning protection system. The lysimeter construction is grouped into three stages: foundation construction, lysimeter tank fabri− cation, and tank installation and instrumentation, as described in the following sections.
FOUNDATION CONSTRUCTION
The on-site construction of the lysimeter foundation began with soil excavation from the experimental site in March 2003. The soil was removed by an excavator from the surface to a depth of about 3 m, and temporarily stored by layer according to soil horizon near the construction site. A total of 600 to 700 Mg of soil was extracted from this site, leaving a 16.8 m long, 6.6 m wide, and 3 m deep rectangular hole ( fig. 2 ). The initial plan was for each lysimeter to have its own concrete base. The wet spring season prior to construction resulted in a perched water table at the time of construction. The foundation was redesigned by a geotechnical engineer to prevent foundation instability under saturated conditions. The final concrete foundation was one large base with three small concrete structures on the top and is underlain by a gravel layer to provide a well drained base for the foundation (fig. 3) .
According to Terzaghi's bearing capacity theory, the soil directly beneath the foundation is counteracted by friction and adhesion between the soil and the foundation. Because this resistance is against lateral spreading, the soil immediately beneath the foundation remains permanently in a state of elastic equilibrium, and behaves as if it was a part of the foundation and may sink with the foundation even with a heavy load. However, for the soil zone that is adjacent to and beneath the foundation, the soil tends to slide or rise depending on the soil properties beneath the foundation (Murthy, 2002) . Accordingly, the three small foundations would likely settle independently, making the tanks unstable because one foundation was located at the rising zone of another foundation. The large foundation essentially spreads the force over a larger area, reducing the chance that the tanks would settle.
Foundation construction began by leveling the ground surface inside the excavated site. A 5.1 cm thick concrete layer was then poured and cured to provide a stable base and prevent gravel from sinking. A 45 cm thick layer of 1.9 cm diameter gravel was placed above the thin concrete layer and tamped to level it. The gravel was lined with thick plastic film over the leveled gravel layer to prevent clogging of the gravel pore spaces. The dense gravel beneath the foundation, which has a large angle of friction coefficient (35° to 45°), can provide a higher bearing capacity and less sliding area (Murthy, 2002 (USGS, 2006) . Therefore, the shallow groundwater may influence the soil's bearing capacity, but it may not likely rise to the soil surface and overflow in the lysimeter.
Above the gravel, rebar (#6, 60 grade) was used to form a double matrix frame as a support around and above the base ( fig. 2 ). For each lysimeter, additional rebar was used across the lysimeter base to strengthen the structure. Small iron rebar (#3, 60 grade) was used to wrap the #6 double rebar. The distance between the two #6 rebar spans is 15 cm vertically and 30 cm horizontally. The distance between the #3 stirrups used to bind each two of the #6 rebar connections is 30 cm. At the corner of the metal structure, L-shaped #6 rebar was used to strengthen the frame, extending 80 cm into the structure. The framework bottom was 7.5 cm above the gravel to allow for 7.5 cm of concrete between the metal frame bottom and the gravel. All the gaps within the metal frame (15 cm height) were filled with concrete. In addition, the concrete layer extended 7.5 cm above the metal frame. The total height of the concrete layer above the gravel was 30 cm, consisting of a 15 cm metal and concrete layer, 7.5 cm below and above this layer ( fig. 3 ). The finished large foundation is 5.41 m wide, 15.61 m long, and 0.80 m tall.
To equalize any differential pressure that might build under the foundation due to high water table conditions, six 15 cm diameter schedule 40 PVC pipes were installed 20 cm into the gravel layer, 3.5 m apart in pairs. Each pair is located 1 m from one side of a lysimeter. These pipes extend above the ground surface and are open to the atmosphere. Each vent pipe is fitted with two 90° elbows so that rainfall cannot enter the vent. Nylon screens are used to cover the end of each vent pipe to prevent entry of insects.
After the large concrete base was constructed, three small concrete bases were built 3.35 m apart centered on the large concrete foundation. Each base supports a lysimeter. The bases are 1.75 m square, 30 cm high, and reinforced with #6 rebar metal frames. Two I-beams were installed in an east-west direction inside each frame. Looking at the site from the ground surface, the finished foundation is a monolithic concrete base with three square bases on top and six pipes protruding upward ( fig. 4 ). The foundation construction took two months.
LYSIMETER TANK FABRICATION
Each of the three lysimeters consists of two tanks. The outer tank is a large square, hollow tube (1.78 × 1.78 × The material used for the construction of lysimeters was 4.8 mm thick steel plate. To increase the wall strength of the lysimeters, square metal tubes, 7.6 cm on a side and 4.8 mm wall thickness, were attached across the four outer sides of both lysimeter walls. For the outer tank, five horizontal tubes were used and the distance between tubes was 30 cm (figs. 4 and 6). For the inner tank, five horizontal square tubes, spaced 25 cm, were installed across the tank. Six tubes, the same size as the wall tubes, were welded to the bottom of each inner tank to increase the bottom strength ( fig. 6 ). After construction, the lysimeters were coated with green epoxy paint to protect them from corrosion.
TANK INSTALLATION AND INSTRUMENTATION
After the concrete bases were completely cured, the lysimeters were installed on 22 April 2003. The outer tank walls were placed as one unit and fastened with L-shaped 10.2 × 10.2 × 0.6 cm angle steel from the inner wall to the top of the small concrete base, and from the outer wall of the outer lysimeter to the top of the large concrete base. In this arrangement, the outer tank was stabilized between the two L-shaped angle steel brackets around the inner perimeter ( fig. 6 ).
Once the outer tank was secured, the soil excavated from the construction site was backfilled around the three lysimeters. After repacking, the site was watered and repacked several times until the soil was completely level with the surrounding area.
When the soils outside the lysimeters had been reconstructed, the three outer tanks remained open at the site. Prior to inserting the inner tanks, two steel channels, 15 × 10 cm and 1.3 cm wall thickness, were welded across the I-beams that were embedded in each concrete base inside the outer tank. Four single-ended shear beam SBS-10K load cells (Measurement Specialists, Inc., Huntsville, Ala.) were bolted to the top of the steel tube at the four corners parallel to the steel channels. A bolt was attached at the end of the load cell arm. A 1.6 cm thick steel plate was welded at each corner in the bottom of the inner lysimeter. The bolt of the load cell and the steel plate at the bottom of the inner lysimeters form the contact points. All the lysimeter mass, including the steel lysimeter, soil, plants, and soil moisture probes, was supported by the four contact points in each tank ( fig. 7) . The inner lysimeter was precisely positioned on the four load cells.
The load cells are temperature-compensated, stainless steel cantilever-type load cells that give a linear change in resistance in response to an applied weight. Each load cell is capable of measuring 4,536 kg (10,000 lb). The rated excitation signal is 5 V DC/AC and the full-scale output is 3.0 mV/V. The temperature-compensated range is from −10°C to 50°C, and the safe load limit is 150% of rated capacity. The next size load cell was an SBS-4K model with a capacity of 7.3 Mg that did not provide enough capacity compared to the worst case of a saturated soil in the lysimeter (8.6 Mg).
To extract the water accumulated in the bottom of each lysimeter, two large permeable ceramic plates (Filtros, Ltd., East Rochester, N.Y.), 15 cm diameter and 2.5 cm thick, were fastened on the bottom center of the inner lysimeter. The threaded holes were fitted with a nipple for attachment of the drainage tubing. The copper drainage tubes were attached to the nipple on the lysimeter inner tank and routed under the inner tank and between the inner and outer tanks to the soil surface. The drainage tubes are connected, by plastic tubing, to a vacuum system to remove the drainage ( fig. 6 ).
After the inner tank was installed, there was a 4.7 cm gap between the inner and outer tanks. The two drainage tubes as well as load cell output wires were routed through the gap. A rubber sheet, 0.5 cm thick and 18 cm wide, was painted green and used to cover the gap. The rubber was bolted on the outer tank rim only. The free side of the rubber is slightly higher than the bolted side. This ensures free vertical movement of the inner lysimeter, and precipitation falling on the rubber covers flows away from the lysimeter, instead of flowing into the lysimeter.
For a 1.42 g/cm 3 bulk density soil, the total void pore space of the soil is 46.4%; this is equivalent to a water depth of 636 mm. At field capacity, the soil moisture storage is approximately 64 mm, and the remaining soil void space can hold 572 mm of water depth. Surface runoff is unlikely because the water table is maintained well below the surface and the sandy soils have high infiltration rates. Routine pumping occurs at intervals well within the required accumulation time period. Additionally, Gregory et al. (2006) reported that the infiltration rate is 225 mm/h for the pasture site where the lysimeters are located. For soil with a high infiltration rate, surface runoff into the lysimeters is minimal because the lateral flow movement is negligible compared to vertical flow (Sumner and Bradner, 1996) . Furthermore, the lysimeters are located at a relatively higher land surface within the field. Surface ponds were observed at some lower points during the hurricane season in 2004, but not near the lysimeters.
A PVC pipe, 1.8 m long, was inserted through the center of the gap between the inner and outer tanks to the top of the foundation on 22 April 2005. The bottom end of the pipe was cut in a cross shape so that water could be pumped out, and the top end of the pipe was covered by a cap so that no insects can get into the gap. The joint between the pipe and the rubber cover was glued. This access pipe is used to pump out overflow in the tanks from extreme rainfall events, such as hurricanes. During these events, lysimeter monitoring is disabled. Thus, losing drainage to the lysimeter tanks interstitial space does not affect the crop water use calculations. A final view of the lysimeter area is shown in figure 8 .
When all three lysimeters were installed, the soil profile was reconstructed inside the lysimeters. A 15 cm layer of coarse sand was placed at the bottom of the lysimeter to provide a storage reservoir for gravity drainage. The soil was repacked in 5 cm increments and tamped close to its original bulk density for each layer. To monitor soil moisture content and temperature, five Vitel probes (Stevens Water Monitoring Systems, Inc., Beaverton, Ore.) were installed near the center of each lysimeter, at depths of 5, 10, 20, 50 and 100 cm from the soil surface ( fig. 6 ). Five Vitel probes were also installed at the same depths outside the lysimeters in an undisturbed area.
After the soil was repacked, a slotted PVC pipe was installed at the northwest corner of each lysimeter and extended 10 cm above the soil surface ( fig. 6 ). This pipe is used to monitor the water table inside the lysimeter and to ensure that the lysimeter bottom is not flooded. As described by Allen et al. (1991) , grass growing in soil with a shallow water table can depress root growth. Thus, as previously explained, the drainage pumping was conducted to maintain free drainage. However, if the pumping were scheduled more frequently, the gravel layer at the bottom of the lysimeter would be drier than the surrounding area at the same depth. Small moisture differences at the bottom of the lysimeter should have little effect on grass growth because there is little upward water movement in a sandy soil. Since the foundation was more than 2.5 m deep, it would likely not affect crop water use studies because the majority of the roots are within 1 m depth at this site, based on observations during lysimeter site excavation.
As of 9 June 2004, the pumping system was changed from pumping one lysimeter at a time to pumping all lysimeters simultaneously by connecting the tanks in parallel. An automatic pumping system was installed on 8 October 2004. After the automatic pumping system was installed, pumping was typically scheduled at night or in early morning, when ET c is minimal.
As shown in figure 8 , a vacuum pumping system is located on a mobile trailer approximately 18 m from the lysimeters. The three large tanks (303 L) collect the drainage from each lysimeter. A small tank (114 L) serves as a backup vacuum container. The maximal pumping rate for free water is 70 L/h. When the pumping time is limited to within 4 h, the storage capacity of the tanks is sufficient. A vacuum pump and an automatic timer are enclosed in a waterproof cabinet beside the storage tanks. The entire apparatus is mounted on the mobile trailer so that it can be moved for field operations ( fig. 9 ). On the north side of the lysimeters, a CR23X datalogger (Campbell Scientific, Inc., Logan, Utah), programmed for a four-wire full bridge, is used to record the voltage output from the lysimeter load cells every minute and averages every 10 min to a data file. Three enclosures, containing a lightning protection system for each lysimeter, are located next to the datalogger. On the south side of the lysimeters, a CR10X datalogger is connected to the Vitel probes to record soil moisture measurements. This data logger and the probes also have a lightning protection system. Soil heat flux measurements, taken from the middle lysimeter, are also recorded by the CR10X. There is 1256 m 2 of area (20 m radius) surrounding the lysimeters with signs placed to prevent any vehicles or foot traffic that could affect the readings of the load cells.
CALIBRATION
A lysimeter calibration was conducted to develop a relationship between the voltage of the load cells and the equivalent weight of the tank. Prior to backfilling the inner tanks, a known volume of water was added to the inner tank and the corresponding change in the load cell voltage (four on each tank) was recorded after the readings stabilized. Stabilization typically occurred within 1 to 2 min. A linear regression analysis was performed to obtain a calibration factor for the average load cell signal in each tank. The resulting regression coefficients for each lysimeter are shown in figure 10 . Here, the linear regression equation is represented as y = ax + b, where y is the measured output (mV), x is the applied load (kg of water), a is the calibration slope (mV/kg), and b is the intercept (mV).
For each weight increase, the output readings were recorded. The average millivolt output was plotted against the weight increase in each lysimeter. With the manufacturer's stated load cell accuracy of 0.02%, this calibration shows that the expected accuracy is about 0.12 mm equivalent depth of water over the lysimeter area (5.8 Mg average lysimeter weight). Rainfall and irrigation at the lysimeter site are monitored by a tipping bucket and recorded using a Hobo event logger (Onset Computer, Bourne, Mass.) and a manual rain gauge. The manual rain gauge readings are recorded two to three times per week during the summer. Both instruments are installed at a 60 cm height and are subject to overhead irrigation. A second tipping bucket rain gauge is located 80 m away from the lysimeter site at 3 m height. Total rainfall depth from all rain gauges is compared to the increase in lysimeter weight during storm events. However, only the two rain gauges near the lysimeters were used for precipitation depth measurement.
OPERATION
Site operation procedures were established to maintain conditions in the lysimeters comparable to those of the surrounding area. In summary, the conditions addressed and corresponding procedures are as follows:
S Soil moisture conditions: Uniform irrigation is applied over the lysimeters and the rest of the field using a linear-move sprinkler irrigation system. Storm event timing and amounts are recorded by the tipping bucket rain gauge and verified by the manual rain gauge. Soil moisture sensors inside and outside the lysimeters monitor soil water conditions. The water table inside each lysimeter is measured regularly during field visits.
If there is any difference in the water table height among the three lysimeters, individual pumping is performed. S Grass height: Grass height inside the lysimeter is measured during field visits and maintained at the same height as the surrounding grass. The grass inside the lysimeters is clipped manually from outside the outer tank to avoid machine or human disturbance. In the surrounding fetch area outside the lysimeters, the grass is mowed with a small lawn mower. S Grass variety: The same bahiagrass was planted at the initial stage. Persistent weeds are treated with appropriate herbicides to maintain the uniformity of the grass outside the lysimeters. Because it is difficult to ensure proper herbicide concentration within such a small area, the weeds inside the lysimeters are manually removed. S Soil conditions: Soil pH values are measured once a year inside each lysimeter and in the field outside each lysimeter. Corrective actions are performed as required. S Soil structure: The soil was repacked layer by layer in small increments to maintain similar bulk densities inside and outside the lysimeters. The native sandy soil does not have any other structure. However, in Florida, fire ants are tenacious pests. Green et al. (1999) stated that ant mounds in the soil could increase the soil hydraulic conductivity, as well as create a preferential flow in the soil. These changes in soil properties would influence the water movement in the lysimeter. Ants inside the lysimeters are eliminated immediately after they are observed. S Drainage pumping: An automatic pumping system with a time control program is used for drainage pumping. The lysimeters are connected to the pump in parallel to ensure that the pumping is under a similar pressure in all tanks. The drainage volume is measured manually with a 4 L graduated cylinder and recorded at the end of the pumping process. During the summer rainy season, pumping is conducted on a daily basis. Normally, pumping is scheduled in the early morning, on the day after rainfall or irrigation. The pumping time is scheduled for alternate hours, which means pumping for an hour, rest for an hour, and then pumping for another hour, etc. Due to the coarse nature of the soil, a constant vacuum cannot be maintained; rather, pumping is performed to maintain soil moisture conditions similar to those of the surrounding area. The drainage system was used to remove free drainage that accumulated at the bottom of the tanks. The duration of pumping depends on the precipitation amount. The pumping duration is determined by rainfall occurrence and the amount of rainfall recorded by a manual rain gauge near the lysimeter site. For example, a 13 mm rainfall event requires 2 to 4 h of pumping, while a 25 mm event requires 4 to 8 h of pumping. Pumping is not normally conducted when it is raining, but scheduled after rain events. S Agronomic practices: Field activities, such as irrigation, pest control, and fertilization, are conducted by the PSREU staff upon request. The grass at the site is mowed once per week in the summer and as needed in the winter to maintain an 8 to 15 cm height over a total area of 0.17 ha near the lysimeters and on the 23 ha field surrounding the lysimeters.
DATA COLLECTION AND PROCESSING
Data collection at the lysimeter site includes all components of the mass balance required to determine evapotranspiration. The lysimeters are considered to be the control volume of interest. The voltage changes from the load cell at 10 min intervals are converted to change in mass using the calibration equations. Inputs to the lysimeters are precipitation and irrigation. These inputs are recorded as weight increase in the lysimeter and verified by the readings from the Hobo event logger and the manual rain gauge. Outputs from lysimeters are evapotranspiration and drainage. The volume of drainage is measured manually following pumping events and converted to units of weight. The weight loss from the soil and crop surface due to evapotranspiration is measured and recorded as the precipitation minus drainage and change in the lysimeter mass.
Field data are subjected to routine quality assurance and quality control procedures. After the data is downloaded in the field, a preliminary screening is performed to diagnose errors. Data are analyzed on a monthly basis. During the 10 min measurement interval, there are frequently small oscillations in load cell voltage, even during the nighttime. This might be due to wind effects, or vibrations recorded by the load cells. A small amount of signal noise is smoothed by using a curved equation (Allen et al., 1994) .
EXPENSES
The total initial cost for the lysimeters, including materials, foundation, construction, and installation, was $63,443 
PERFORMANCE
Evapotranspiration rates for a five-day period (8 to 12 July 2003) during the initial stage are provided to demonstrate lysimeter performance. This period is representative of wet conditions, as rainfall occurred almost every day. Although some load cells were damaged on 4 August 2003, the initial design and calibration were validated for a short time. Frequent rainfall events between 13 July and 3 August 2003 prevented ET c calculations for a longer continuous period. While future studies of plant water use will require extended data over extended time periods, for demonstration purposes the five days of hourly data provide a qualitative assessment of the lysimeters and is comparable to previous studies by Market et al. (1988) (0 days of ET c ), Barani and Khanjani (2002) (12 days of daily ET c ), and Allen and Fisher (1990) (6 days of 30 min ET c and 6 months of daily ET c ). Figure 11 shows the hourly ET c calculated for the five days in the three lysimeters (L1, L2, and L3 for lysimeters 1, 2, and 3; and the average of the three lysimeters). During this initial period of operation, pumping was scheduled in the middle of the day on day 189 (8 July) and precipitation occurred at 5:00 p.m. on day 190, 8:00 p.m. on day 191, 12:00 p.m. on day 192, and 4:00 p.m. on day 193.
For the wet period, the water mass balance included both precipitation and drainage. Processing the hourly data was challenging, as pumping and precipitation differed by lysimeter. The mass change recorded by the lysimeters was used in the calculation, and the precipitation and drainage measurements were used as verification. The hourly ET c measurements in the three lysimeters were not statistically different according to an analysis of variance (p = 0.96) and had a similar diurnal pattern. All three ET c values were high during the day and low at night, interrupted by maintenance or precipitation events. The standard deviation among the three lysimeters varied from 0 to 0.41 mm/h during the five days, with the highest values during the day when ET c was also high. This variability may be due to the numerical resolution of the CR23X datalogger. A single-bit change in the sensed excitation loss within the 15-bit datalogger could change the load cell measurement by approximately 0.18 kg (average lysimeter mass 5.8 Mg × 2 −15 ) or 0.29 mm equivalent water depth, similar to results discussed by Allen and Fisher (1990) . The measured average hourly ET c in the three lysimeters was plotted against the estimated hourly ET o ( fig. 12) (Yoder et al., 2005; Jia et al., 2005) ; however, the measured ET c values in the lysimeters were highly sensitive to any mass changes. Table 2 shows the daily total ETc for the three lysimeters and the PM ET o from the weather stations for the five days. The ratio of ET c to ET o (K c ) ranged from 0.97 on 10 July to 1.20 on 12 July and averaged 1.07 over the five-day period. The highest variability among lysimeters coincided with the midday rainfall event on day 192. Use of these data requires detailed examination of field activities and precipitation events. Table 3 shows the weather conditions near the weighing lysimeters during the five days.
After the load cells were replaced on 23 September 2003, daily bahiagrass ET c values were calculated using the same procedure as for the five-day hourly data in figures 11 and 12. Thirty days of daily average ET c in November 2003 are plotted in figure 13 . The evaporative area used in the ET c calculations was 6.8% higher than the inner lysimeter area (2.5 m 2 ), which accounted for 2.5 cm extended grass length estimated from the grass height.
The average standard deviation among the three lysimeters was 0.54 mm/d for the 30 days, similar to the value reported by Martin et al. (2001) . Higher deviations occurred when either precipitation or pumping occurred. Figure 13 shows the data period with minimal management activities, but six pumping events and five precipitations events were recorded during the period. The average ET c was 2.02 mm/d, and the average ET o was 2.45 mm/d. The average ratio of ET c to ET o was 0.82 while the grass was growing vigorously during that time, corresponding with the field records. 
CONCLUSION
Three weighing lysimeters with 2.32 m 2 surface area and 1.37 m deep were developed for evapotranspiration research at the University of Florida and located near Citra, Florida. The system includes double tanks and four load cells in each lysimeter. The cost of construction materials and installation of the three lysimeters was $63,443. The design, construction, installation, operation, calibration, and performance of the lysimeters were discussed.
Initial results from the three lysimeters provided a consistent hourly ET c measurement over a five-day period in the wet summer season with an accuracy of 0.29 mm and a maximal ET c variability of 0.41 mm/h among the three lysimeters, although many field activities and precipitation events occurred. The hourly average ET c values in the lysimeters were statistically similar to PM ET o using the weather data from the nearby the weather station.
There are numerous challenges for the design and operation of lysimeters in the southeastern U.S. Daily rainfall during the rainy season requires routine pumping. Extreme events, including hurricanes, may result in the water table reaching the soil surface. A unique foundation system to limit the impact of near-surface water table was designed and constructed. Analysis of longer periods will be required to assess the impact of annual water cycles, including dry and wet, on the lysimeter performance.
